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Summary
Objective: The aim of this study was to evaluate the growth characteristics of freshly isolated porcine chondrocytes in high-density pellet
cultures and to preliminary investigate their use in an interactive in vitro model with synovial ﬁbroblast cell lines to study rheumatoid arthritis
(RA).
Design: 1.8! 106 chondrocytes/cm2 were seeded in 48-multiwell plates. Thickness, cell number and cell distribution in pellet cross sections
were documented over a 22-day-long period. Alcian blue staining, type I and type II collagen staining, real-time reverse transcriptase
polymerase chain reaction (RT-PCR) and high performance liquid chromatography (HPLC) were used to characterize cartilage extracellular
matrix (ECM) formation, and cell proliferation was demonstrated by Ki67 staining. Furthermore, 2-week-old chondrocyte pellets were co-
cultured for additional 2 weeks with two human synovial ﬁbroblast cell lines derived from a normal donor (non-invasive cell line) and a RA
patient (invasiveeaggressive (IA) cell line), respectively.
Results: Chondrocyte pellets from 11 individual preparations showed a signiﬁcant increase in pellet thickness from 44G 19 mm (day 3) to
282G 19 mm (day 22). Calculation of chondrocyte distribution, cell number and pellet thickness indicated that pellet growth was due to ECM
formation and not cell proliferation. This was also conﬁrmed by low numbers of Ki67 positive chondrocytes and absence of cell clusters. HPLC,
messenger RNA-analysis, histochemistry and antibody staining veriﬁed the expression of ECM components such as type II collagen, whereas
type I collagen expression was very low. In contrast to the non-aggressive synovial ﬁbroblast cell line, the IA synovial ﬁbroblast cell line clearly
showed cartilage invasion.
Conclusion: Pellet formation of freshly isolated chondrocytes followed a reproducible developmental kinetics and showed typical immature
hyaline cartilage properties. Such uniform cartilage pellets are very useful as a substrate for interactive cell culture models that simulate
diseases like RA.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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International
Cartilage
Repair
SocietyIntroduction
The increasing prevalence of rheumatic diseases like
rheumatoid arthritis (RA) and osteoarthritis (OA) have lead
to a growing demand in advanced cell therapies for
degenerative articular cartilage reconditioning. Various
tissue engineering approaches to generate articular carti-
lage in vitro and in vivo have been developed in the past. All
techniques encompass a two step approach in that native
cartilage biopsies are enzymatically digested in order to
isolate chondrocytes from their surrounding extracellular
matrix (ECM) ﬁrst, and secondly chondrocytes are multi-
plied by in vitro cultivation. The objective of cartilage tissue
engineering is to generate a functional ECM where articular
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Received 30 August 2002; revision accepted 16 January 2004.478cartilage-speciﬁc molecules like type II collagen are ex-
pressed. In conventional chondrocyte monolayer cultures,
matrix protein synthesis but not its deposition or turnover
can be determined1. Lacking cellecell and celleECM
interactions in monolayer cultures result in a phenotypic
and functional chondrocyte dedifferentiation2,3, which is
characterized by a switch from type II collagen to type I
collagen synthesis. This is contrary to three-dimensional
(3D) cell cultures where chondrocytes are less likely to
dedifferentiate because of greater cell motility, synthesis of
a speciﬁc pericellular or intercellular matrix and the
physiological release and storage of bioactive molecules
such as cytokines and morphogenic factors3.
Various tissue engineering techniques for 3D cartilage
cultivation are based on seeding chondrocytes into sup-
portive biomatrices. It has been shown that biocompatible
and bioresorbable scaffolds do facilitate appropriate 3D
cell- and tissue formation in vitro and in vivo3,4. Polymeric
gels, such as hyaluronic acid5, agarose6, alginate7 or ﬁbrin
479Osteoarthritis and Cartilage Vol. 13, No. 6glue, have been used stand alone or in combination with
scaffolds5,8 in order to immobilize chondrocytes three
dimensionally consecutively sustaining a differentiated cell
phenotype during ex vivo cultivation. 3D tissue engineered
grafts made of culture-expanded autologous chondrocytes
have already been applied clinically9.
Nevertheless, apart from actual cell therapies, to establish
in vitro models simulating certain aspects of the complex
pathophysiological processes in diseases like RA and OA is
of paramount interest in that it can help to understand the
deleterious effects leading to cartilage degeneration.
Therefore, a different technique for 3D cartilage-like tissue
cultivation, with proper mechanical properties, was used:
primary chondrocytes were plated in high cell density (e.g.,
1.8! 106 cells/cm2) into culture equipment resulting in
pellet cultures. Fedewa et al. reported the in vitro production
of a functional cartilage-like tissue for implantation from
rabbit chondrocytes initially plated at high density. Moreover,
the effect of interleukin-1b on pellet thickness, proteoglycan
content and collagen expression was determined and was
similar to the response of native cartilage to IL-1b10. High-
density pellet cultures, in which freshly isolated chondro-
cytes are pelleted and subsequently cultured in centrifuge
tubes, are a simple method for maintaining the chondrocyte
phenotype. These pellets form a continuous ECM express-
ing cartilage proteoglycans and type II collagen1 and have
been widely used to study epiphyseal and growth plate
chondrocyte differentiation, cartilage hypertrophy and type II
collagen degradation1,11e15. In addition, chondron pellets
were used to determine adenosine triphosphate release of
chondrocytes during mechanical stimulation16, and subpo-
pulations from different cartilage zones were used to
engineer cartilage constructs based on pellet cultures17. In
summary, pellet and multilayer cultures are promising tools
for in vitro test systems, especially since pellet cultures are
easily and reproducibly prepared and maintained.
Co-culture systems of high-density chondrocyte cultures
and synovial ﬁbroblasts derived from normal donors and RA
patients, for example, have been used to investigate
inﬂammatory responses and as preliminary drug-screening
test systems18e20. Most of these in vitro systems are based
on co-cultures showing no direct cellecell contact21,22. In
a few studies that used chondrocyte monolayer cultures
or chondrocyte cultures in sponges, a direct chondrocytee
synovial ﬁbroblast cellecell contact was evaluated18,23.
The objective of this study was to characterize the growth
kinetics of porcine high-density chondrocyte pellets cultured
in multiwell plates using molecular biological, biochemical,
histological and immunohistochemical methods, and to
make preliminary investigations into co-culturing chondro-
cyte pellets with either SV40T antigen-transformed human
synovial ﬁbroblasts representing an invasiveeaggressive
(IA) phenotype (HSE cell line)24 or SV40T antigen-trans-
formed human synovial ﬁbroblasts representing a non-
invasive (NI) phenotype (K4IM cell line)24,25.
Materials and methods
CHONDROCYTE ISOLATION
Femur bones from 6e10-month-old porcine donors
(nZ 11, 100e130 kg) were purchased from a local
slaughterhouse. Articular cartilage was harvested from
the hip joint (the head of the femur) and the medial and
lateral condyle of the knee joint. To isolate chondrocytes,
native cartilage slices were incubated for 19 h in spinner
ﬂasks containing RPMI 1640 medium (Biochrom, Berlin,Germany) supplemented with 333 U/ml collagenase II,
(Biochrom), 1 U/ml collagenase P (Roche, Basel, Switzer-
land), and 33 U/ml hyaluronidase (Sigma, Taufkirchen,
Germany). Following digestion, cell suspensions were
strained through a nylon mesh with 100 mm pore diameter
(Becton Dickinson, Heidelberg, Germany). Finally, chondro-
cytes were centrifuged at 500!g 10 min and resuspended
in complete RPMI medium containing 10% fetal bovine
serum (Biochrom), 100 units/ml of penicillin, 100 mg/ml of
streptomycin (Biochrom), 0.02 mM HEPES (Biochrom),
4 mM L-glutamine (Biochrom) and 70 mM L-ascorbic acid
2-phosphate (AsAP, Sigma, Taufkirchen, Germany).
PREPARATION OF PELLET CULTURES
To form pellet cultures with a seeding density of
1.8! 106 cells/cm2, 2.0! 106 chondrocytes per ml were
placed in each well (1.1 cm2) of uncoated ﬂat bottom 48-
well plates (Nunc, Wiesbaden, Germany) directly following
isolation. Subsequently, culture plates were transferred to
a humidiﬁed incubator (37(C, 5% CO2) for 24 h to ensure
sedimentation of the cells. After 24 h, 500 ml medium from
each well was carefully replaced with the same volume of
fresh medium. Cultures were maintained in complete RPMI
1640 medium containing 70 mM AsAP. During pellet culture,
1 ml of medium was completely replaced every day. For
histological, immunohistochemical, protein expression and
messenger RNA (mRNA) expression analysis, pellets were
harvested by pincer.
PREPARATION OF INTERACTIVE CO-CULTURES
On day 14, several chondrocyte pellet cultures were
covered with 0.2! 106 cells from one out of two human cell
lines: (1) SV40T antigen-transformed synovial ﬁbroblasts
derived from a RA patient, representing an IA phenotype
(HSE cell line)24,25 or (2) SV40T antigen-transformed
synovial ﬁbroblasts derived from a normal healthy donor
with no known disease as detailed elsewhere24,25, repre-
senting a NI phenotype (K4IM cell line). Finally, 48-well
plates were transferred to a humidiﬁed incubator (37(C, 5%
CO2) to ensure sedimentation and adherence of the HSE or
K4IM cells to the top of the chondrocyte pellets. Co-cultures
were performed for up to 2 weeks with a daily change of
medium.
HISTOLOGICAL AND IMMUNOHISTOCHEMICAL ANALYSIS
To investigate the expression of distinct cartilage matrix
molecules, pellet cultures were embedded in Tissue-Tec
(Sakura, Zoeterwoude, Netherlands) and cryosections
(6 mm) from the central part of the pellets were mounted
on aminoalkylsilane-coated slides.
Cartilage matrix proteoglycans were stained with Alcian
blue 8GX (Roth, Karlsruhe, Germany) at pH 2.5 and
counterstained with nuclear fast red (DAKO, Hamburg,
Germany) according to the method of Romeis26. For
immunohistochemistry of type I and type II collagen,
cryosections were incubated with polyclonal rabbit anti-
human type I and type II collagen antibodies (DPC-
Biermann, Bad Nauheim, Germany). These antibodies were
found to be cross-reactive with both porcine collagens27.
Hereby, native porcine hyaline cartilage and meniscus ﬁbro
cartilage served as positive controls for type II collagen
staining and type I collagen staining, respectively. Antibody
staining was subsequently detected using the EnVi-
sionCSystem, Peroxidase (AEC) Mouse Kit (DAKO)
480 C. Lu¨bke et al.: High-density cartilage pelletsaccording to the manufacturer’s protocol. To distinguish
between porcine chondrocytes and human synovial ﬁbro-
blasts, for immunohistochemistry of HLA-ABC class 1
antigen on human synovial ﬁbroblast cell lines (HSE and
K4IM), cryosections of co-cultures were incubated with
monoclonal mouse anti-human HLA-ABC antibody (DAKO,
Hamburg, Germany). These antigens are widely distributed
on most of the human nucleated cells. Antibody staining was
subsequently detected using the EnVision HRP Mouse Kit
(DAKO) according to the manufacturer’s protocol. Finally,
sections were counterstained with hematoxylin (HE; Merck,
Darmstadt, Germany). Negative control pellets were simi-
larly stained by replacing the primary antibody with rabbit
IgG. In addition, the monoclonal mouse anti-human antibody
Ki67 (MIB; DAKO), which also shows cross-reactivity with
porcine tissues28, was used to determine the proliferation of
cells in pellet culture cryosections. This monoclonal antibody
is routinely used in tumor diagnostic, i.e., human tumor cell
lines such as the epithelial HT 10-80 or the mesenchymal
C-433-GCT served as positive controls. Sections were
incubated with Ki67 primary antibody followed by secondary
biotinylated anti-rabbit antibody and horseradish peroxida-
seeavidin complex (DAKO). The color reaction was
developed by 3,3#-diaminobenzidine substrate (DAB), fol-
lowed by counterstaining with hemalaun (Merck).
POLYMERASE CHAIN REACTION (PCR)
Total RNA from porcine pellet cultures, cultured in the
same complete medium as described above except using
100 mM AsAP instead of 70 mM, was isolated as described
previously29. Total RNA (2 mg) was then transcribed re-
versely after annealing with 500 ng oligo-(dT)12e18 primers
(Gibco, Karlsruhe, Germany) and 5 units SuperScript
reverse transcriptase (Gibco) in 50 ml30. The relative
expression level of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used to normalize marker gene
expression in each sample at different concentrations.
Real-time PCR using the iCycler PCR System (BioRad,
Mu¨nchen, Germany) was performed with 1 ml of the single-
stranded complimentary DNA sample using the SYBR
Green PCR Core Kit (Applied Biosystems, Darmstadt,
Germany). Relative quantization of cartilage marker gene
expression (Table I) was performed as described31 and is
given as a percentage of the GAPDH product.
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)
Similar to pellets intended for real-time RT-PCR
analysis, chondrocytes were cultured in complete mediumsupplemented with 100 mM AsAP instead of 70 mM. To
determine the expression of hydroxyproline, an important
building block of collagen ﬁbers, pellets were lyophilized
and then hydrolyzed for 24 h in 6 N HCl at 110(C. Following
centrifugation of hydrolysates, supernatants were washed
using an LC-18-PK Supelclean column (Supelco, Munich,
Germany), neutralized with NaOH and diluted with H2O.
Amino acids were derivatized with ﬂuorescent dyestuff
9-ﬂuorenylmethyloxycarbonyl in borate buffer (pH 9.5) and
then injected into the HPLC device (Shimadzu, Duisburg,
Germany). As usual for amino acid HPLC, a reversed
phase column (Vertex column Kromasil-100 C18; Knauer,
Berlin, Germany) and a gradient of two buffers (buffer A:
20 mM Na-citrate, pH 4.8, 25% v/v acetonitrile; buffer B:
100% acetonitrile) was used. Finally, eluted amino acids
were measured using a ﬂuorescence detector (Shimadzu,
Duisburg, Germany). Hydroxyproline expression was esti-
mated using 3,4-dehydroxyproline as an internal standard.
THICKNESS OF PELLETS AND CO-CULTURES
To calculate the thickness of pellets, HE-stained cry-
osections (6 mm) of 11 preparations (73 pellets in total) were
recorded electronically by an image processing computer
program (Microsoft Image Composer, USA). The distance
between the top and the bottom of the pellet (in pixels) was
measured at ﬁve distinct pellet locations in two to seven
pellets each [Fig. 1(A)]. Erosion depth of co-cultures was
evaluated by the same method.
To recalculate pixels in mm, a micrograph of a hemocy-
tometer was recorded at the same magniﬁcation. The pixel
length of a 250 mm line (corresponds to the length of one
large square of the hemocytometer) was determined and
the thickness (in mm) of the pellets was calculated using this
factor. The mean value of ﬁve measurements was deﬁned
as the thickness of the chondrocyte pellet.
CALCULATION OF PELLET CELL DENSITY
AND CELL DISTRIBUTION
To calculate the cell density and the cell distribution in
pellets, HE-stained cryosections (6 mm) were photographed
and transferred to an image processing computer program
(Microsoft Image Composer, USA). Squares of a deﬁned
area were placed at 10 distinct locations at the top and the
bottom of the pellets [Fig. 1(A)]. Cells in each square were
counted and the mean value of 10 counts was calculated.
The relative cell density was deﬁned as the product of pellet
thickness and cell number per square.Table I
Chondrogenic marker genes. Oligonucleotide sequences
Gene Accession number Oligonucleotides (5#/ 3#) (up/down) Product size
(bp))
GAPDH AF017079 CTG CCC CTT CTG CTG ATG C 151
TCC ACG ATG CCG AAG TTG TC
Collagen Ia1 NM_000088 CGA TGG CTG CAC GAG TCA CAC 180
CAG GTT GGG ATG GAG GGA GTT TAC
Collagen IIa1 NM_001844 CCG GGC AGA GGG CAA TAG CAG GTT 128
CAA TGA TGG GGA GGC GTG AG
Aggrecan AF314814 CCA GAA TCT AGC AGG GAG TCA TC 118
AGG CAG AGG TGG CTT CAG TC
)bp, base pairs.
481Osteoarthritis and Cartilage Vol. 13, No. 6Fig. 1. (A) Illustration of morphometric pellet analysis. Pellet thickness was measured at ﬁve distinct pellet locations (shown by lines). Cell
density and cell distribution in Alcian blue stained pellets were calculated by counting cells in 10 squares of a deﬁned area (0.0025 mm2).
(B) Low power micrograph of 2-week-old pellet cultures. Scale indicates centimeter.STATISTICS
All data are reported as the meanG SD. A t test was used
to compare pellet thickness of the youngest pellet with older
pellets. Differences were considered signiﬁcant if P! 0.05.
Results
GROWTH OF PELLET CULTURES
Upon day 1, following cell seeding, cell sedimentation
was complete and the chondrocytes grew in high-density
multilayer pellets. Due to the geometry of the wells, pellets
developed a rounded shape and were about 1.1 cm in
diameter [Fig. 1(B)]. Over the 22-day-long culture period,
pellets grew thicker (Fig. 2) and stronger as indicated by an
increase in stiffness.
To determine pellet culture thickness, cryosections were
HE-stained and the distance between the top and the
bottom of the pellets (in pixels) was measured at ﬁve
distinct locations [Fig. 1(A)]. Calculation of pellet culture
thickness revealed a signiﬁcant increase from 44G 19 mm
on day 3 to 184G 28 mm (P! 0.005) on day 12 and
a further increase to 282G 19 mm (P! 0.0005) on day 220
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Fig. 2. Thickness of pellets from 11 chondrocyte cultures. Pellets
show a logarithmic growth over time. The thickness of each pellet
was measured at ﬁve different locations of the pellet. Values are the
meanG SD. Differences in pellet thickness are signiﬁcant by t test
(*P! 0.05; **P! 0.005; ***P! 0.0005) compared to day 3.
482 C. Lu¨bke et al.: High-density cartilage pellets(Fig. 2). Obviously pellet thickness was preparation and
donor (nZ 11) dependent as indicated by standard devia-
tions. However, regarding any particular point in time,
different pellets from one individual preparation showed
only small variations in thickness [Fig. 3(A)].
To evaluate whether pellet growth was caused by cell
proliferation or matrix formation, we calculated the mean
relative cell number of the pellets during the entire cultivation
time. Figure 3(B) depicts that cell density [chondrocytes per
square, see Fig. 1(A)] decreased within the culture period.
However, relative cell density (product of cell density and
pellet thickness) remained unchanged with only a slight
increase in total cell number (approximately 14%).
The results indicate that an increase in pellet thickness
was rather caused by ECM formation than by cell pro-
liferation. This was also conﬁrmed by very low expression of
the cell proliferation marker Ki67 [Fig. 3(C)].
HISTOLOGICAL AND IMMUNOHISTOCHEMICAL EXAMINATION
OF PELLETS
Chondrocyte pellet cultures were sectioned (6 mm
cryosections) and stained with type I collagen and type II
collagen speciﬁc antibodies and, in parallel, with Alcian blue.
Figure 4 depicts a representative example of type I and
type II collagen expression at an early stage of cultivation(day 8) and at a late stage (day 19). A distinct increase in
pellet thickness in this period was clearly visible. By day 8
and day 19, both pellets showed a very high expression of
cartilage-speciﬁc type II collagen, indicating cartilage-like
matrix formation, but no expression of type I collagen.
Histological Alcian blue staining revealed a strong expres-
sion of cartilage-speciﬁc proteoglycans. A comparison
between pellet cultures and co-cultures (see below) is
depicted in Fig. 5(A) showing the proteoglycan expression
of chondrocytes after 4 weeks pellet culture.
HPLC AND REAL-TIME PCR ANALYSIS OF PELLET CULTURES
HPLC and real-time RT-PCR were performed to further
characterize the expression of cartilage matrix proteins
during the culture period.
The level of hydroxyproline, one major component of
collagen ﬁbers, was 18 mg/mg on day 5 (18 mg/mg pellet dry
weight) and this reduced to 1.2 mg/mg on day 9 to
continuously increase until day 16 [Fig. 6(A)]. Real-time
PCR expression analysis demonstrated a high expression
(in % of the housekeeping gene GAPDH ) of cartilage
markers type II collagen and aggrecan and a low expres-
sion of type I collagen [Fig. 6(BeD)]. Interestingly, type I
collagen expression continuously increased during cultiva-
tion, whereas type II collagen and aggrecan expression inA B
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Fig. 3. (A) Representative development in pellet thickness of one cell batch (nZ 1). Pellets show a logarithmic growth over time. Thickness of
each pellet was measured at ﬁve different points on the pellet. (B) Cell density (¤) is deﬁned as cells per square (10 squares per pellet) and
relative cell density (-) as the product of pellet thickness by cell number per square. Cell density declines but the relative cell density remains
nearly unchanged. (C) Representative example of Ki67 expression in a pellet on day 17. Arrows represent Ki67 positive cells. No cluster
formation could be observed. Scale barZ 50 mm. Values are the meanG SD. Differences in pellet thickness are signiﬁcant by t test
(*P! 0.0005) compared to day 5. Differences in pellet cell density are signiﬁcant by t test (*P! 0.05; **P! 0.005) compared to day 8.
483Osteoarthritis and Cartilage Vol. 13, No. 6Fig. 4. Pictures of type II and type I collagen antibody labeling in chondrocyte pellets on days 8 and 19, respectively. Positive immunostaining
of type II collagen is indicated by a red/brown color. Type I collagen labeled pellets did not show any immunoreactivity. Scale barZ 50 mm.% of GAPDH increased only until day 5 and was then
shown to decrease.
INTERACTIVE PELLET CO-CULTURE SYSTEM
To switch from chondrocyte pellet cultures to chondro-
cyte/synovial ﬁbroblast co-cultures, 2-week-old pellet cul-
tures were coated by sedimentation with human cell lines,
namely SV40T antigen-transformed synovial ﬁbroblasts
HSE (IA) or K4IM (NI). The presence of cartilage ECM
was veriﬁed by Alcian blue staining [Fig. 5(B, C)] overlaid by
nuclear fast red counterstaining (HSE and K4IM cells
stained Alcian blue negative). To verify the presence of
human synovial ﬁbroblasts, and to distinguish them from
porcine chondrocytes, a double staining of type II collagen
and human nucleated cell speciﬁc HLA-ABC was per-
formed as depicted in Fig. 5(DeF). Both cell lines used
were shown to adhere to the chondrocytes. After 2 weeks in
co-culture, pellets were analyzed for cartilage destruction
caused by HSE and K4IM cells. During co-culture, IA
synovial ﬁbroblasts (HSE) invaded the cartilage pellets
(Fig. 5). Figure 5(B) shows invasion of IA HSE cells,
whereas NI K4IM cells formed a smooth layer covering the
cartilage. This layer was in turn encapsulated by a thin
cartilaginous cell layer [Fig. 5(C)].
The thicknesses of both the cartilage pellet and synovial
cell layer were determined and are displayed in Table II.Discussion
In the last few decades, several tissue engineering
approaches for cartilage generation have been developed.
Most of these are based on seeding chondrocytes onto
supportive matrices and in polymeric gels or a combination
of both4,5,8,32. To ensure the formation of a native cartilage-
like ECM, sustaining a round cell phenotype, homogeneous
cell distribution and a speciﬁc cell density during ex vivo
cultivation are of particular importance33,34.
In this study, the developmental kinetics and ECM
formation of high-density chondrocyte pellets were investi-
gated. 1.8! 106 primary (not expanded) chondrocytes/cm2
were seeded in each well of a 48-well plate, and were
cultured under chondrogenic conditions using AsAP. It was
reported by others that chondrocytes cultivated in pellets
rapidly produce new ECM. Pellets form a thin connecting
cell ﬁlm that can already be carefully handled with forceps
after 48 h35.
As shown here for 11 individual chondrocyte donors, the
pellet thickness signiﬁcantly increased during the cell
culture period. The developmental kinetics seems to
depend on individual characteristics since differences
between individuals were observed. Nevertheless, within
one preparation variations were negligible indicating a ho-
mogeneous pellet formation. In order to evaluate whether
pellet growth was caused by cell proliferation or by ECM
formation, we calculated the relative cell density of the
484 C. Lu¨bke et al.: High-density cartilage pelletsFig. 5. Histological and immunohistochemical analysis of co-cultures. (AeC) Alcian blue staining of cartilage proteoglycans and nuclear fast
red counterstaining of pellet cryosections of (A) a 4-week-old chondrocyte pellet, (B) a 4-week-old chondrocyte pellet co-cultured for 2 weeks
with IA RA synovial ﬁbroblasts (HSE) and (C) a pellet co-cultured with normal, NI, synovial ﬁbroblasts (K4IM). (DeF) Type II collagen and HLA-
ABC antibody labeling in cryosections of (D, E) a 4-week-old chondrocyte pellet co-cultured for 2 weeks with K4IM cells, and (F) a pellet co-
cultured with HSE cells. Positive immunostaining of type II collagen is indicated by a red/brown color. HLA-ABC positive cells are red dotted.
Arrowheads indicate synovial cells. Scale barZ 50 mm.pellets. Clearly, cell density decreased while pellet thick-
ness increased. Relative cell density, namely the product of
cell density and pellet thickness, remained almost constant
indicating that pellet growth was mediated by ECM
formation and not cell proliferation. For further conﬁrmation,
we performed staining with Ki67 that has been shown to be
a very reliable proliferation marker36. Ki67 antigen expres-
sion is normally detected in the outer parts of the nucleolus,
especially in the granular components during late G1, G2
and M phase of the cell cycle. Other proliferation markers
such as proliferating cell nuclear antigen (PCNA) are
detectable in the G0 phase as well as in the G1, G2, S
and M phases. However, the determination of the pro-
liferation index by using the Ki67 antigen resulted in a more
accurate indication of cell proliferation compared to PCNA.
In our pellet cultures, Ki67 expression was very weak and
detectable on only a few cells located on the outer edge of
the pellets. Furthermore, no Ki67 positive cell clusters could
be observed within pellet cryosections. Since chondrocyte
cluster formation, caused by division of individual cells, is
not a feature of normal articular cartilage or juvenile repair
tissue37,38, clusters have been considered a negative
ﬁnding. In a 3D chondrocyte scaffold construct, higher
seeding densities (50! 106 cells/ml) clearly reduces the
number of cell clusters compared to a low seeding density
of 10! 106 cells/ml32. It was hypothesized that clusterformation indicates an attempt by chondrocytes to optimize
cell density. Since our pellets showed no cluster formation,
a negligible cell proliferation as conﬁrmed by Ki67 staining,
and a constant relative cell density, they do display the
characteristics of native normal cartilage. These ﬁndings
make pellet cultures made of primary autologous chondro-
cytes interesting for biomedical purposes, where uncon-
trolled chondrocyte proliferation means unwanted tissue
growth. However, this technique is limited by the amount of
available native autologous cartilage tissue to isolate
primary chondrocytes.
Type I and type II collagen immunostaining revealed that
the ECM was composed of articular cartilage-speciﬁc type II
collagen but not type I collagen. The immunohistochemical
ﬁndings were further conﬁrmed by HPLC and real-time RT-
PCR analysis of the chondrocyte pellets. The ratio of
hydroxyproline protein expression, a major amino acid of
native collagen ﬁbers, decreased from day 5 to day 9, and
thenceforwards remained almost the same until day 16,
indicating constant collagen composition. Gene expression
analyses demonstrated a very low expression (in % of the
housekeeping gene GAPDH ) of type I collagen and
a pronounced expression of ECMmolecules type II collagen
and aggrecan, respectively. Other research groups using
lower cell densities in 3D scaffolds or monolayers often
detected a high expression of type I and type II collagen or
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Fig. 6. HPLC and semi-quantitative real-time PCR gene expression analysis of chondrogenic marker genes expressed by porcine pellet
cultures. Cartilage matrix formation was assessed by protein expression of collagen ﬁber inherent hydroxyproline and by mRNA expression
of typical ECM marker genes type I collagen, type II collagen and aggrecan. Hydroxyproline expression was calculated using
3,4-dehydroxyproline as an internal standard, whereas the expression of marker genes was calculated as the percentage of the expression
of the housekeeping gene GAPDH.only type I collagen synthesis39,40. The use of freshly
isolated chondrocytes seems to be more promising than the
use of culture-expanded cells. It was reported by others that
chondrons, having a surrounding pericellular matrix,
showed slightly greater deposition of type II collagen
compared to chondrocytes cultured as pellets35. Our pellets
consisted of primary isolated chondrocytes but not of
chondrons. However, it needs further testing as to whether
chondron pellets show different growth characteristics than
the chondrocyte pellets described in our study.
Since chondrocyte pellet cultures are easy to reproduce,
they are often used as a cartilage model for in vitro test
systems. Chondrocyte pellets have been used to study the
development of cartilaginous tissues ex vivo41,42, to
Table II
Morphometric analysis of mean pellet thickness of pure pellets
(nZ 1; 32 measured values) and co-cultures (nZ 4; 128
measured values)
Cartilage pellet Pellet thickness 309.5G 50.1 mm
HSE co-culture Co-culture thickness 343.9G 77.4 mm
Erosion depth 85.7G 36.3 mm
K4IM co-culture Co-culture thickness 312.1G 64.5 mm
K4IM layer thickness 49.7G 23.7 mm
Top cartilage
layer thickness
42.7G 13.3 mm
Within HSE co-cultures, maximal erosion depth of the chondro-
cyte pellet was measured. Within K4IM co-culture, thickness of
K4IM layer and thickness of the overlaying top chondrocyte layer
were determined.evaluate matrix synthesis and turnover in the presence of
growth factors and other pro-anabolic stimuli1,41 and to
investigate the response of chondrocytes to dynamic
compression16,35. We used pellet cultures as the basis of
an inﬂammatory co-culture system to study distinct aspects
of destructive joint diseases like RA ex vivo. The so-called
‘‘in vitro pannus system’’ is aimed on decreasing the
number of animal experiments in basic research and
furthermore on in vitro drug-testing18,19. Previous in vitro
systems based on co-cultures showed no direct cellecell
contact21,22. In addition, in a few monolayer cultures or 3D
chondrocyte cultures in sponges, a direct chondrocytee
synovial ﬁbroblast cellecell contact was evaluated18e20,23.
To demonstrate the basic feasibility of our co-culture model,
2-week-old cartilage pellets were covered with SV40T
antigen-transformed inﬂammatory human synovial ﬁbro-
blast HSE cell line, representing an IA phenotype, or by
SV40T antigen-transformed non-inﬂammatory human sy-
novial K4IM cell line, representing a NI phenotype. The HSE
cell line was established from synovial ﬂuid ﬁbroblasts of an
RA patient, and characterized as transcription factor Egr-1
negative and rheumatoid factor positive24. The control cell
line K4IM was established from synovial tissue ﬁbroblasts of
a normal donor suffering a meniscus lesion. K4IM cells are
characterized as Egr-1 negative24,25. They express ICAM-1,
CD44 and Fas, whereas the expression of the activated
ﬁbroblast marker VCAM-1 and of IL-1 is very low24,25.
We used human cell lines because these lines are readily
available and are very interesting for future applications in
human chondrocyte/synovial ﬁbroblast co-cultures. As
reported in many studies, human and porcine mesenchymal
cells, like stem cells or chondrocytes, behave very similar27.
486 C. Lu¨bke et al.: High-density cartilage pelletsFurthermore, the ECM structures of human and porcine
cartilage are only slightly different. Therefore, despite using
porcine chondrocytes and human cell lines, our co-culture
model reﬂects important aspects of RA. During co-culture,
the cell lines formed a homogeneous cell layer covering the
pellet. To identify human synovial cells covering porcine
cartilage pellets, synovial ﬁbroblasts were clearly recog-
nized by their HLA class 1 antigen immunoreactivity.
Invasive behavior of synovial ﬁbroblasts was observed by
measurement of the depth of synovial cell invasion into the
cartilage multilayer. The HSE cell line clearly showed a non-
uniform invasion of the cartilage pellet after 2 weeks. This
has also been reported by others20. Since HSE cells
express matrix metallo-proteinases (MMP), these proteo-
lytic enzymes are assumed to be involved in this process20.
Therefore, MMPs represent one element of this co-culture
system that should be studied in future in more detail e to
elucidate the process by which the aggressive synovial
ﬁbroblasts invade cartilage tissue. Furthermore, the system
described in this paper could be seen as a platform to test
drug/hormones that may potentially reduce such behavior.
In contrast, the NI K4IM cells did not invade the cartilage
pellet at all. Moreover, a layer of neo-cartilage consisting of
a thin multilayer of chondrocytes previously grown on the 48
multiwell walls encapsulated the K4IM cells, indicating the
non-proteolytic nature of this cell line. These ﬁndings
conﬁrmed that our ex vivo co-culture system using IA
HSE cells may simulate cellular destructive joint processes.
However, after 22 days in vitro culture the cartilaginous
matrix is not identical to native cartilage, as indicated by the
fact that the NI cells are encapsulated. This would most
likely not happen in the joint. In a different study, cartilage
destruction mediated by rheumatoid arthritis synovial
ﬁbroblasts (RASFs) or SV40 T antigen-transformed RASFs
(RASFSV40) was compared43. Interestingly, the results
demonstrated that ﬁbroblast-like synoviocytes, capable of
forming the pannus and invading cartilage, have an
activated phenotype and secrete high levels of matrix-
degrading enzymes but have a limited capacity to
proliferate. Conversely, SV40-transformed cells rapidly
proliferate, secrete lower levels of matrix-degrading en-
zymes, display different levels of adhesion molecules, and
demonstrate limited cartilage invasion44.
Therefore, it needs to be tested whether primary RASF
show similar properties to our destructive HSE cell line in
our co-culture system. In summary, our data indicate that
freshly isolated chondrocytes cultured in high-density pellet
cultures form uniform neo-cartilage. Pellet growth is
mediated by the formation of new cartilage-speciﬁc ECM
rather than by cell proliferation. This was conﬁrmed by
morphometric analyses of pellet cryosections, low Ki67
staining and the absence of cell clusters within the pellet
cultures. Immunohistochemical staining and mRNA expres-
sion analysis of type I collagen and type II collagen
expression revealed a hyaline cartilage-speciﬁc type II
collagen synthesis. Co-cultures of those pellets with
cartilage degrading rheumatoid synovial cells showed clear
invasion of the cartilage. Due to the fact that pellet cultures
are easily manufactured in a reproducible manner, they are
suitable for distinct in vitro test systems such as drug-
screening test systems. Moreover, a miniaturization and
automation of the culture process is possible. Since native
cartilage would present another very promising means to
study the co-interaction of synovial cells and their invasive
behavior, in a next step, the pellet cultures with its neo-
cartilage matrix should be compared to native cartilage in its
reaction with both human cell lines.Acknowledgments
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